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Abstract: carboxylate
possessing polyethylene oxygen long chains, were synthesized
by advanced technology of the polyether cap. A novel double-
hydrophilic block copolymer was prepared through free radical

Allylpolyethoxy mMacromonomers,

polymeric reactions in aqueous solution and its performance on
CaCO, inhibition and dispersancy activity towards Fe,O, was
evaluated in recirculating cooling water systems. The study
shows that acrylic acid-allylpolyethoxy carboxylate has a
significant ability to inhibit the precipitation of calcium
carbonate and an excellent dispersing capability to stabilize
iron () in industrial cooling systems. X-ray diffraction
shows that there is a number of vaterite crystals in the presence
of the phosphorous free and non-nitrogen copolymer. The
change in crystal forms is also confirmed by the Fourier-
transform infrared spectra, the scanning electron microscopy
and the transmission electron microscopy. The inhibition
mechanism is proposed and it shows that the interactions
between calcium and polyethylene glycol ( PEG) are the
fundamental impetus for restraining the formation of the scale
in cooling water systems.
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pen recirculating cooling water systems are fre-
quently used because they provide economical heat
removal and the recirculation of water conservation is ac-
complished with substantial cost reductions. Dissolved
and suspended matter contained in the water is concentrat-
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ed in cooling water recirculation. The precipitation of cal-
cium carbonate scale on heat transfer surfaces widely oc-
curs, which involves the deposition of an insulating layer
onto the internal walls owing to its inverse temperature-
solubility characteristics'” . Deposits formation may cause
severe corrosion and deterioration in the heat exchange.
The most common and effective method of controlling
scale formation is the use of chemical additives as scale
inhibitors that retard or prevent it, even at very small
concentrations'”' . Several studies about calcium carbonate
scale formation in the absence and presence of inhibitors
have been carried out"’™.

Regarding accelerated aquatic eutrophication, the popu-
larity of inhibitors containing high phosphorus is dimin-
ishing. As a result, the current trend for inhibitor usage is
toward more environmentally friendly “green” chemicals.
On the other hand, the design or optimization of the recy-
cling-water process on an industrial scale demands a thor-
ough understanding of all the fundamental parameters that
govern the various operations involved. Therefore, the
inhibition varying with the solution temperature, pH,
Ca’" and Fe’" concentrations should be tested.

Ferrous ion, which is soluble in an aqueous medium,
is oxidized to the ferric ion. At a pH of approximately 5
and above, it precipitates out in the form of iron hydrox-
ide Fe(OH),, or iron oxide Fe,O,, and other iron com-
pounds where the iron has an oxidation state of three,
hereinafter referred to as iron ( [ll). It is known that trace
amounts of iron ( [[) on the order of 1-5 mg/L, when
present in a circulation system, can adversely affect the
performance of scale-control agents such as copolymers of
acrylic acid. Therefore, optimum precipitation inhibitors
are not only effective against scale but also effective at
stabilizing iron in the solution.

The present work attempts to discover and explore the
effectiveness of a structurally well-defined calcium-car-
bonate and iron ( Ill) inhibitor which is phosphor free and
has a superior calcium tolerance. The inhibitor employed
in this paper is double-hydrophilic block copolymer of
acrylic acid ( AA) -allylpolyethoxy carboxylate (APEL).

1 Methodology
1.1 Materials

APEL was synthesized from allyloxy polyethoxy ether
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(APEG) in our laboratory according to Ref. [7]. AA is
an analytically pure grade and was supplied by Zhong-
dong Chemical Reagent Co. (Nanjing, Jiangsu, China).
Distilled water was used in all the studies.

1.2 Synthesis of AA-APEL

A 5-neck round bottom flask, equipped with a ther-
mometer and a magnetic stirrer, was charged with 90 mL
distilled water and 0. 1 mol APEL and heated to 70 C
with stirring under a nitrogen atmosphere. Then, 1.5 mol
AA in 18 mL distilled water ( the mole ratio of APEL and
AA was 1:15) and the initiator solution (3.0 g ammoni-
um persulfate in 18 mL distilled water) were added sepa-
rately at constant flow rates over a period of 1.0 h. The
reaction was then heated to 80 C and maintained at this
temperature for an additional 2.0 h, ultimately producing
an aqueous polymer solution containing approximately
35% solids. The synthesis of AA-APEL is given as

0
CH,=CHCH, O~ CH,CH,03-—CCH,CH,COOH +
80 €
CH, =CHCOOH >
‘ECH27$H37ECH27CHZE|7
?HZ |
O—~CH,CH, 0y~ C—CH,CH,COOH (1)

1.3 Characterization

The Fourier-transform infrared ( FT-IR) spectra was
taken on a Bruker FT-IR analyzer ( VECTOR-22, Bruker
Co., Germany) by using the KBr-pellet method ( com-
pressed powder). The X-ray diffraction ( XRD) patterns
of the CaCO, crystals were recorded on a Rigaku D/max
2400 X-ray powder diffractometer with Cu Ko (A =
1.540 6) radiation (40 kV, 120 mA). Powder samples
were mounted onto a sample holder and scanned at a
scanning speed of 2(°)/min between 20 =20°-60°. The
shape of calcium carbonate scale was observed with a
scanning electron microscope ( S-3400N, HITECH, Ja-
pan). The light transmittance of ferrous solutions was
measured by spectrophotometric measurements on a
UV3100-PC ultraviolet and visible spectrometer ( Mapa-
da, China) at 420 nm. The formation of the flowers
structure was confirmed by a transmission electron micro-
scope (JEM-2100SX, Japan).

1.4 Static inhibition test

The ability of the phosphorous free and non-nitrogen
copolymer to inhibit calcium carbonate scale was com-
pared with that of the free-inhibitor in flask tests. The in-
hibitor dosages given are on a dry-inhibitor basis. Calci-
um carbonate precipitation and inhibition were studied in

artificial cooling water which was prepared by dissolving
a certain quantity of CaCl, and NaHCO, in deionized wa-
ter. Two concentrations of Ca’* and HCO, were 250
mg/L. The artificial cooling water containing different
quantities of the phosphorous free and non-nitrogen copol-
ymer was thermostated at 60 C for 10 h. The calcium
chloride and sodium bicarbonate used to prepare the scal-
ing test solution were of the analytical reagent grade. The
phosphorous free and non-nitrogen copolymer had been
synthesized in the laboratory.

The solution was analyzed after every set of experi-
ments with respect to soluble calcium ions using a stand-
ard solution of EDTA according to the Water Treatment
Reagent Unit of Standardization Research Institute of
Chemical Industry of China, the Application Guidebook
on Water Quality of Circulation Cooling Water and Stand-
ards of Water Treatment Reagents (in Chinese). The in-
hibition efficiency ¢ is defined as

_pi(Ca) —py(Ca’)
pO(Ca2+) _pz(ca2+)

where p, (Ca’*) is the total concentrations of Ca’",
mg/L; p,(Ca’") is the concentrations of Ca’*, mg/L,
in the presence of the phosphorous free and non-nitrogen
copolymer; p, (Ca’") is the concentrations of Ca’",
mg/L, in the absence of the phosphorous free and non-
nitrogen copolymer.

1.5 Iron dispersing ability

Ferrous compounds for precipitation experiments were
prepared by adding a known volume of calcium stock so-
lution to a beaker (1 000 mL) at room temperature under
violent stirring, with a known volume of water. After
temperature equilibration, the inhibitors were added be-
fore the iron( [[ ) (normally 5 to 10 mL) stock solution
was added in such an amount that the final iron( Il ) con-
centration would be 10 mg/L or the required values. Pre-
cipitation in these solutions was monitored by analyzing
solutions for the light transmittance by using a UV spec-
trophotometer after these solutions were heated 5 h at a
temperature of 50 C. The pH 9. 0 of ferrous solutions
was adjusted by using dilute solutions of borax.

Polymer efficacy as a iron ( [l ) inhibitor was evaluated
by using the light transmittance of ferrous solutions,
which was 100% after being heated for 5 h at a tempera-
ture of 50 C in the absence of the inhibitor. The lower
the light transmittance is, the better the polymer efficacy
is as an iron ( [l) inhibitor.

2 Results and Discussion
2.1 Characterization of inhibitor

The FT-IR spectra of APEG, APEL, and AA-APEL
are displayed in Fig. 1. The 1 736 cm ™' strong intensity
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absorption peak (—C =O) on the APEL curve clearly
reveals that the APEL has been synthesized successfully.
The fact that the (—C =C—) stretching vibration at
1 646 cm ™' appears in the APEL curve but disappears
completely in the AA-APEL curve reveals that free radical
polymerization between APEL and AA occurs.

APEG

APEL
1 646

Transmittance/ %

1 1 1 1 1 1 |

1
500 1000 1500 2000 2500 3000 3500 4000
1

Wavenumber/cm ~

Fig.1 The FT-IR spectra

2.2 Effect of inhibitor dosage

The dosage of the inhibitor has a deep effect on the for-
mation of iron (III) precipitation. The light transmittance
of ferrous solutions in the presence of AA-APEL in Tab.
1 shows that AA-APEL has excellent dispersancy activity
toward iron ([l ). It is apparent that the copolymer dos-
age strongly affects the ability of the inhibitor to control
the precipitation of iron ( I ). When the dosage is 4
mg/L, the transmittance of the ferrous solution is 14.2%
in the presence of AA-APEL. It should be noted that the
similar tendency of the dosage on the performance behav-
ior has been reported in earlier studies by polymeric dis-
persants inhibitors'™' .

Tab.1 Iron () inhibition of AA-APEL
Dosage of AA-APEL of

ferrous solution/(mg - L")

Transmittance in the presence
of AA-APEL/%

0 100

2 96.8
4 14.2
6 13.9
8 13.7
10 14.0
12 13.5
14 13.6
16 13.3

2.3 Influence of solution property

Solution properties have a great influence on the inhibi-
ting precipitation. We investigated the effect of the solu-
tion parameters on the inhibitory power of AA-APEL. In
Fig.2(a) (HCO, concentration =250 mg/L, pH =9,
time = 10 h, temperature = 60 C), the inhibition effi-

ciency of the inhibitors is demonstrated under conditions
of water with a much higher degree of hardness. Data in
Fig.2(b) (Ca’* concentration =250 mg/L, HCO, con-
centration = 250 mg/L, pH =9, time = 10 h) clearly
demonstrate the super thermal stability of the AA-APEL
polymer. As illustrated in Fig.2(c) (Ca’" concentration
=250 mg/L, HCO, concentration =250 mg/L, time =
10 h, temperature =60 C), increasing the solution pH
from 6 to 12 results in 24.2% drop of the inhibitory power.
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Fig.2 Copolymer inhibition at a level of 8 mg/L as a function
of solution Ca**. (a) Concentration; (b) Temperature; (c) pH;

(d) Fe** concentration
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The reason could be that the solubility of calcium carbon-
ate decreases when increasing the pH. In consideration of
the favorable reaction with iron ions, some antiscalants,
such as poly (acrylic acid) , would lose most of their ef-
fectiveness against calcium-carbonate scale in the presence
of trace amounts of iron in solution "’. The results in
Fig.2(d) (Ca’* concentration =250 mg/L, HCO, con-
centration =250 mg/L, pH =9, time =10 h, temperature
=60 C) show that AA-APEL retains excellent calcium-
carbonate inhibition at levels of 0 to 14 mg/L iron ions in
supersaturated solutions of calcium carbonate. Usually,
trace amounts of iron are in the order of 1 to 5 mg/L in
industrial recycling water systems.

2.4 Characterization of scales

The CaCO, precipitated phases are identified by XRD,
and the spectra are shown in Fig. 3. In the absence of the
AA-APEL copolymer, calcite is the main crystal form
(see curve a). As shown in curve b, in the presence of
the AA-APEL copolymer, there are a number of vaterite
crystals interlarding. The change of crystal forms was al-
so confirmed by the FTIR spectra, as shown in Fig. 4. As
shown by the curve in Fig. 4, the peaks at 876 and 712
cm ' reflect the feature of calcite, and the peaks at 1 490
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Fig.3 The XRD pattern of the CaCO; crystals without the co-

polymer (curve a) and with the copolymer (curve b) (C re-
presents calcite and V represents vaterite )
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Fig. 4 FTIR spectra of CaCO, precipitates in the absence of
the copolymer (curve a) and in the presence of the copolymer
(curve b)

and 745 cm ™' reflect the feature of vaterite'"" .

It is well known that calcite is the most thermodynami-
cally stable, and vaterite is the least stable form in the
three polymorphic forms of CaCO, 10 Vaterite is the ini-
tial phase formed when CaCO, supersaturated ; calcite can
be formed from the transformation of aragonite or vaterite
in the absence of inhibitors'"'’. The calcium carbonate
precipitate obtained from the artificial cooling water with-
out the AA-APEL copolymer has XRD patterns ( see
curve a in Fig. 3) corresponding to calcite. Curve b in
Fig. 3 shows the X-ray diffraction spectrum for CaCO,
precipitates in the presence of the AA-APEL copolymer,
in which there are the (110), (112), (114), (300),
and (118 ) weak peaks corresponding to vaterite. It is
found that thermodynamically unstable vaterite can be sta-
bilized kinetically in the presence of the AA-APEL copol-
ymer.

Fig.5 shows the SEM micrographs of CaCO, precipitate
formed in artificial cooling water. In the presence of the
AA-APEL copolymer (see Fig.5(b) ), obvious changes
can be noted in distribution, size, and morphology of the
CaCoO, precipitate compared to Fig.5(a). The CaCO, pre-
cipitate lost its sharp edges, and the form was distorted. In
addition, its size was decreased to 1 to 3 wm, smaller than
those deposited in the uninhibited solution.

[

(a) (b)
Fig.5 SEM micrographs of CaCO, precipitates. (a) In the ab-
sence of the copolymer; (b) In the presence of the copolymer

A typical TEM and corresponding diffraction pattern of
orthorhombic calcite particles are shown in Figs. 6 (a)
and (c¢). The orthorhombic type morphology is displayed
in the TEM image and the diffraction pattern appears to
be a perfect single crystal without hint of the underlying
powder rings.

The TEM micrograph (see Fig.6(b) ) in the presence
of the AA-APEL copolymer indicates the excellent inhibi-
tion results from the formation of the flowers structure. It
is worth paying attention to the fact that the spherical va-
terite and calcite induced by AA-APEL is porous ( see
Fig.6 (b) ). These spheres are aggregations of smaller
microcrystals and both the aperture and particle diameter
are all in nanoscale (1 to 100 nm). From the selected ar-
ea electron-diffraction patterns ( see Fig. 6 (d) ), where
more or less uniform and slightly diffused rings were
found, it was concluded that the crystallites were random-
ly oriented in the particle.
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(a)

Fig.6 TEM micrograph and diffraction pattern of CaCO, pre-

cipitates. (a) TEM micrograph in the absence of the copolymer; (b)
TEM micrograph in the presence of the copolymer; (c) Diffraction pat-
tern in the absence of the copolymer; (d) Diffraction pattern in the pres-
ence of the copolymer

2.5 The mechanism of calcium carbonate and iron
(IT) inhibition

Carboxyl segments and PEG are important parts in the
matrices of AA-APEL. The functional groups of antiscal-
ants exhibit a significant impact on their inhibitory power
in terms of controlling scale precipitation'”. PEG can
recognize and encapsulate or react with positively charged
calcium or iron ions on the surface of inorganic minerals,
such as calcium carbonate, calcium sulphate and the like.
Encapsulation or interaction, between the calcium ions
and PEG, leads to the spontaneous formation of complex
micelles and a core of PEG—Ca or PEG—Fe. At the
same time, a stable corona of water-compatible carboxyl
segments, surrounding the core, is formed towards the
aqueous phase at the interface of the core. The core of
PEG—Ca or PEG—Fe and the shell of carboxyl corona
form the core-shell superstructure, where the aggregation
of PEG—Ca or PEG—Fe is blocked through the steric
and electrostatic repulsion of the —COO-corona'*'. The
determinant during the formation process of core-shell su-
perstructures is the phase separation between the —COO-
corona and the PEG—Ca or PEG—Fe core domain, re-
quiring a regular array of the molecular junctions between
the PEG and the —COO-segments. It should be men-
tioned that the carboxyl segments surrounding the core
can also interact with calcium ions.

3 Conclusion

AA-APEL possesses excellent calcium carbonate inhibi-

tion, approximately 98% at a level of 8 mg/L. AA-
APEL has superior ability when stabilizing iron (Il ) in
solution. The light transmittance of ferrous solutions is
about 14% in the presence of AA-APEL when the dosage
is 4 mg/L. The AA-APEL copolymer maintains most of
the activity under the conditions of the solution with a pH
of 6 to 12, a temperature of 80 to 95 C, a calcium hard-
ness of 300 to 1 500 mg/L, and at levels of O to 14 mg/L
iron ions in aqueous solutions.

To the best of our knowledge, no reference to the
phosphorous free and non-nitrogen copolymer of acrylic
acid and allylpolyethoxy carboxylate used as a calcium
carbonate scale inhibitor in cooling water has been found
in the literature; and it is believed to represent a poten-
tially new environmentally safe water treatment agent suit-
able for cooling water systems.
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